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What I’m going to talk about

• I won’t talk about proposed reactor experiments at ~10 m baseline.

• I will focus on experiments that I call                                          
Radical Reactor Neutrino Oscillation Liquid scintillator Detector 
experiments...RRNOLD

• JUNO in China and RENO-50 in S.Korea

• RRNOLD characteristics

• Detect reactor νe via Inverse Beta Decay(IBD), ~20kton, ~50km 
baseline, unprecedented energy resolution

• RRNOLD goals 

• Resolve mass hierarchy(MH) & measure sin2θ12,Δm223,Δm212 precisely
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RRNOLD & MH

• Precise spectral 
measurement can 
resolve MH and 
osc. parameters to 
<1%

• Independent of CP 
phase

• Minimal matter 
effect
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•Rewrite P to express Δm232, Δm231 as a phase ϕ(Eν)
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Figure 1. Left: the effective mass-squared difference shift ∆m2
φ as a function of baseline and visible prompt

energy Evis ≈ Eν − 0.8 MeV . Right: the comparison of energy spectra between NH and IH at different
baselines. Arrows mark the location where ∆m2

φ = 0.

comparison of the visible energy spectra of the inverse beta decay (IBD) events between NH and
IH at a distance of 60 km. The left panel is the ideal case and the difference between NH and IH
is visible across the entire spectrum. Currently, the uncertainty in ∆m2

32 is ~0.13× 10−3eV 2 from
the MINOS data. Due to this uncertainty, as shown in the middle panel of Fig. 2, degenerated
oscillation probabilities significantly reduce the spectrum difference between different MHs. The
situation becomes worse when statistical fluctuations are included, as shown in the right panel
of Fig. 2. To overcome this challenge, we need more accurate external measurement of ∆m2

32 as
pointed out in Ref. [17, 20]. Reference [17] shows that, under different set of assumptions, with
the possible improvement on the ∆m2

32 to 1.5% (T2K, NOνA), the MH sensitivity can be increased
to ∆χ2 ∼= 20 in 6 year running time.

The baseline of MBRO experiments need to be greater than ~30km in order to resolve the
MH signal reliably. This is illustrated in Fig. 1, taken from Ref. [20] (left) and Ref. [13] (right).
From the left panel of Fig. 1, for baselines less than ~30km, ∆m2

φ is rather uniform across the entire
IBD spectrum and the current uncertainty in ∆m2

32 can easily absorbs it thus it is impossible to
distinguish between NH and IH. For baselines greater than ~30km and close to ~60km, the solar
oscillation suppression of the reactor flux is near its maximum and energy dependent ∆m2

φ makes
the MH effect more visible. The right panel of Fig. 1 shows the same observation from the spectrum
perspective, the opposite phase shifts between the low and high energy regions only appear when
baselines are greater than ~30km.

The needs of good energy resolution and large number of free proton targets for IBD antineu-
trino reaction make liquid scintillator (LS) the best choice for MBRO experiments. However, LS
has a notorious property: energy quenching and Cherenkov radiation cause non-linear energy re-
sponse. Combined with possible electronic non-linear effect, inaccurate energy calibration could
potentially cause degenerated energy spectra between different MHs if the energy reconstruction is
biased in the following non-linear fashion,

Erec =
2|∆�m2

32|+∆m2
φ (Eν̄e , L)

2|∆m2
32|−∆m2

φ (Eν̄e , L)
Ereal. (2.1)
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mass-squared splitting (∆m2
21) and the atmospheric mass-squared splitting (∆m2

32) in the antineu-
trino energy spectrum [11]. The oscillation resulted from the atmospheric mass-squared splitting
manifests itself in the energy spectrum as multiple cycles which shift in the opposite directions for
inverted hierarchy (IH) and normal hierarchy (NH), as shown in the following formula,

Pν̄e→ν̄e = 1− sin2 2θ13(cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32)− cos4 θ13 sin2 2θ12 sin2 ∆21 (1.1)

= 1−2s2
13c2

13 −4c2
13s2

12c2
12 sin2 ∆21 +2s2

13c2
13

�
1−4s2

12c2
12 sin2 ∆21 cos(2∆32 ±φ),

where ∆21 ≡ ∆m2
21L/4E, ∆32 ≡ ∆m2

32L/4E, in which L is the baseline and E is the antineutrino
energy, and

sinφ =
c2

12 sin2∆21�
1−4s2

12c2
12 sin2 ∆21

, cosφ =
c2

12 cos2∆21 + s2
12�

1−4s2
12c2

12 sin2 ∆21

.

In constrast to electron-neutrino appearance experiments such as the Long Baseline Neutrino Ex-
periment (LBNE) and the Long Baseline Neutrino Oscillation Experiment (LBNO) [14, 15, 16],
which have to take into account the effects from δCP, MBRO is free of any effects due to the un-
known δCP phase. The amount of the shift in the neutrino energy spectrum due to different MH
is characterized by the ratio of ∆m2

21/∆m2
32, which is about 0.03, therefore to make a meaningful

measurement of the neutrino MH effect in MBRO experiments, one needs excellent energy resolu-
tion and well-calibrated detector energy response. Recent studies show that with a detector energy
resolution ∼ 3%/

�
E(MeV ) and energy non-linearity measured to sub-1% over the entire reactor

antineutrino energy spectrum, a ∆χ2 = 161 measurement can be made in 5 years with an exposure
of 800 kt-GWth per year at a baseline of ∼60km [17]. Such high performance detectors can also
make precise measurements of sin2 2θ12, ∆m2

21and ∆m2
32 to sub-percent level. In addition, they are

excellent detectors for studying other important physics topics such as geoneutrinos, solar neutri-
nos, atmospheric neutrinos, and proton decay. Together with the improving sin2 2θ13 precision by
the current generation short-baseline reactor neutrino experiments, it will enable a future test of the
unitarity of PMNS matrix to ∼1% level. It can also help to constrain the allowed phase space in
the �mββ � vs. mlight , the lightest neutrino mass, and provide more precise absolute neutrino mass
constraints should the neutrinoless double beta decay experiments observe any signals [18]. If we
are lucky enough to witness a supernova within 10 kpc during the experiment’s live time, we would
expect to record about 6000 supernova neutrinos with accurately measured energy and time profile
for a 20kt detector.

A MBRO experiment at Jiangmen Underground Neutrino Observatory (JUNO) in China has
been proposed to measure the neutrino mass hierarchy [17]. The proposed detector contains about
20kt of liquid scintillator (LS) under a ∼700m overburden and will be located 60km from two nu-
clear power plants with a total power of ∼36GWth currently under construction. This experiment
is expected to record ∼ 105 inverse beta decay (IBD) events in five years. Another MBRO experi-
ment named RENO-50 has been proposed in South Korea. RENO-50 proposes to build a 18kt LS
detector at a distance of 47km from the current RENO reactor complex [19].

There are many challenges to such an experiment. In addition to the requirements of a very

1See Sec. 2.2 on the relationship between ∆χ2 values and confidence levels for MH determination.
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RRNOLD basic principle
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Figure 1. Left: the effective mass-squared difference shift ∆m2
φ as a function of baseline and visible prompt

energy Evis ≈ Eν − 0.8 MeV . Right: the comparison of energy spectra between NH and IH at different
baselines. Arrows mark the location where ∆m2

φ = 0.

comparison of the visible energy spectra of the inverse beta decay (IBD) events between NH and
IH at a distance of 60 km. The left panel is the ideal case and the difference between NH and IH
is visible across the entire spectrum. Currently, the uncertainty in ∆m2

32 is ~0.13× 10−3eV 2 from
the MINOS data. Due to this uncertainty, as shown in the middle panel of Fig. 2, degenerated
oscillation probabilities significantly reduce the spectrum difference between different MHs. The
situation becomes worse when statistical fluctuations are included, as shown in the right panel
of Fig. 2. To overcome this challenge, we need more accurate external measurement of ∆m2

32 as
pointed out in Ref. [17, 20]. Reference [17] shows that, under different set of assumptions, with
the possible improvement on the ∆m2

32 to 1.5% (T2K, NOνA), the MH sensitivity can be increased
to ∆χ2 ∼= 20 in 6 year running time.

The baseline of MBRO experiments need to be greater than ~30km in order to resolve the
MH signal reliably. This is illustrated in Fig. 1, taken from Ref. [20] (left) and Ref. [13] (right).
From the left panel of Fig. 1, for baselines less than ~30km, ∆m2

φ is rather uniform across the entire
IBD spectrum and the current uncertainty in ∆m2

32 can easily absorbs it thus it is impossible to
distinguish between NH and IH. For baselines greater than ~30km and close to ~60km, the solar
oscillation suppression of the reactor flux is near its maximum and energy dependent ∆m2

φ makes
the MH effect more visible. The right panel of Fig. 1 shows the same observation from the spectrum
perspective, the opposite phase shifts between the low and high energy regions only appear when
baselines are greater than ~30km.

The needs of good energy resolution and large number of free proton targets for IBD antineu-
trino reaction make liquid scintillator (LS) the best choice for MBRO experiments. However, LS
has a notorious property: energy quenching and Cherenkov radiation cause non-linear energy re-
sponse. Combined with possible electronic non-linear effect, inaccurate energy calibration could
potentially cause degenerated energy spectra between different MHs if the energy reconstruction is
biased in the following non-linear fashion,

Erec =
2|∆�m2

32|+∆m2
φ (Eν̄e , L)

2|∆m2
32|−∆m2
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Solid line : Normal Hierarchy
Dashed line : Inverted Hierarchy

@1MeV

Simulation study of RENO-50, J.S.Park
Intrusion of reality

KamLAND RRNOLD

σE/E 6%/√E 3%/√E

Light yield 250pe/MeV 1200pe/MeV
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RRNOLD requirements
• High statistics (~105 IBD in 5 years) 

• Massive detector (~20kt JUNO, ~18kt RENO-50)

• Huge multi-reactor power (~36GWth JUNO, ~16.5GWth  RENO-50) with 
baseline differences < 500m

• Energy scale 

• Fabulous resolution (~3%/√E(MeV))

• High photocathode coverage (~80% JUNO, ~67% RENO-50)

• High QE (~35%) photodetectors

• High transparency liquid scintillator (LS) (>=35m atten. length)

• High light yield LS (~1.5X that of KamLAND)

• Understand non-linearity to <1%

• Suppress cosmogenic background (~500 m rock overburden at JUNO site)

6
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RRNOLD: How big is it?Daya Bay AD

KamLAND

Liquid Scintillator
20 kt

Acrylic sphere：φ34.5m

SS sphere ： φ 37 .5m

JUNO

30 m
32 m

30 m
32 m

LS (18 kton)
15000 20” PMTs 

Mineral 

37 m
37 m

Water1000 20” OD 

RENO-50

Super-KamiokandeApproximate size 
comparison
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Liquid Scintillator
20 kt

Acrylic sphere：φ34.5m

SS sphere ： φ 37 .5m

JUNO

Arnold Schwarzenegger

RRNOLD: How big is it?
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Yangjiang

Taishan

JUNO site
~53 km

~53 km

Hong Kong

(18.4GW)

(17.4GW)

Challenges in Medium-Baseline Reactor MH Resolution, NuFact’13Wei Wang W&M

Challenges in Resolving MH using Reactors

• Energy resolution

• Energy non-linearity

• Statistics

• Reactor distribution

– The mass hierarchy information is 
in the multiple atmospheric 
oscillation cycles in the survival 
spectrum. For the valuable part of 
the spectrum ~3.5MeV, the 
oscillation length is ~3.5km. 

– Thus, if two reactor cores with 
equal or close powers differ by 
half oscillation length, the mass 
hierarchy signal will get cancelled.

3

Figure 2: The variation (left panel) of the MH sensitivity as a function of the baseline
difference of two reactors and the comparison (right panel) of the MH sensitivity for the
ideal and actual distributions of the reactor cores.

Figure 3: Two classes of typical examples for the residual non-linear functions in our
simulation.

and baseline distribution of each core of the Yangjiang (YJ) and Taishan (TS) nuclear
power plant, shown in Table 1. The remote reactors in the Daya Bay (DYB) and the
possible Huizhou (HZ) power plant are also included. The reduction of sensitivity due to
the actual distribution of reactor cores is shown in the right panel of Figure 2, which gives
a degradation of ∆χ2

MH ! 5. In all the following studies, the actual spacial distribution
of reactor cores for the Daya Bay II Experiment is taken into account.

4 Energy Non-Linearity Effect

The detector energy response is also crucial for Daya Bay II since a precise energy spec-
trum of reactor neutrinos is required. Assuming the energy non-linearity correction is
imperfect, we study its impact to the sensitivity by including in our simulation a residual
non-linearity between the measured and expected neutrino spectra. Assume the detector

6
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Huge multi-reactor power (~36GWth ~ 72e20 νe/s) 
with baseline differences < 500m



                                            

More photons, how and how many ?
 Highly transparent LS: 

   Attenuation length/D:  15m/16m  30m/34m    ×0.9
   High light yield LS: 

   KamLAND: 1.5g/l PPO   5g/l PPO
        Light Yield: 30% 45%;                                    × 1.5

   Photocathode coverage :
   KamLAND: 34%    ~ 80%                               × 2.3

   High QE “PMT”： 
 20”  SBA PMT QE:  25%  35%                        × 1.4

       or New PMT  QE： 25%  40%                       × 1.6

       Both：                     25%  50%                         × 2.0  

4.3 – 5.0    (3.0 – 2.5)% /√E

Other  contributions： 0.5% constant term & 0.5% neutron recoil uncertainty

Y.F. Wang, Daya Bay II: current status and future plan, in Daya Bay II First Meeting, 2013.

Energy resolution
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20" + 8" PMT
8" PMT better timing

Photon
photocathode

MCP PMT with reflection 
photocathode at bottom

MCP-PMT prototype

11

No clearance:  coverage 86.5%
1cm clearance: coverage: 83% 

More Photoelectrons -- JUNO or
What to do with 15,000 PMTs
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Non-linear energy response
• Liquid scintillator energy response is non-linear

•  Quenching

•  Cerenkov

• Particle-dependent

•Non-linear effects due to electronics are also possible

• Pernicious non-linear energy response can fake or mask MH, 
X.Qian et al, PRD87 (2013) 033005.

•Mitigate using known spectral features, Y.F.Li et al., PRD88 (2013) 
013008.

•Comprehensive calibration program essential

•β+ sources essential in my opinion (cosmogenic 11C,12N?; 
deployed?; dissolved?; e± accelerator [arXiv:1307.7419]?)

12

KamLAND, D.Dwyer PhD Dissertation, 2007
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Expected RRNOLD performance
•Δχ2≡χ2(NH)-χ2(IH)

•Discrete hypotheses 
confounds usual nσ=√Δχ2

• PRD86(2012)113011;JHEP1305
(2013)131;arXiv:1305.5150

13

•Fourier analysis

•Difficult to handle 
systematic uncertainties

•PRD78(2008)111103;PRD79(2009)

037007

⇒Determine probability to resolve MH with MC

3 years, 2σ 6 years,3σ
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Hypothesis testing

14

3 years, 2σ 6 years,3σ

CDMS II Si result: arXiv:1304.4279
Note that 0.19% is >3 standard deviations
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Prognosis
•Single RRNOLD unlikely to resolve MH at 5 standard 

deviations in statistical significance

•Would like confirmation with second RRNOLD

•Would like confirmation by complementary 
experiments
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Other RRNOLD Physics
•Precision sin2θ12,Δm223,Δm212 measurements. 

•Supernova neutrinos

•Atmospheric and solar neutrinos

•Accelerator neutrinos(T2RENO-50)

•Proton decay: Sufficient mass to reach                         
τ(p→K+ν) > 2.4x1034yr(90%CL) in 10 years

•Geo-neutrinos

16

Current JUNO

 Δm2
12 ~3% ~0.6%

 Δm2
23 ~5% ~0.6%

sin2θ12 ~6% ~0.7%
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Liquid 

Acrylic 

SS sphere ： 

Future RRNOLD Physics?

• RRNOLD-DAEδALUS
(Decay-At-rest 
Experiment for δCP 
studies At the Laboratory 
for Underground Science)

•KamLAND-Zen => RRNOLD-
ZFFL (Zero neutrino 
Fermion,Fermion Lepton 
number violation)

•Ce-RRNOLD (144Ce νe source)

144Ce
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RRNOLD schedules
•JUNO

•Approved 1Feb2013 by CAS “special fund for 
advancement”

•Construction: 2013-2019. Filling & data taking: 2020

•RENO-50

•Facility/detector construction: 2013-2018

•Operation: 2019

18
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RRNOLD
• Aims to resolve the neutrino mass hierarchy and make precision 

neutrino mixing measurements

• Complements other approaches to resolve MH (accelerator or 
atmospheric neutrinos, [0νββ])

• Faces significant technical challenges

• “... don’t do that just casually.”-K.Gorski,this conference

19
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Resources for this 
talk

• W.Wang, NuFact2013, “Facing the Challenges in Medium-Baseline 
Reactor Oscillation Experiments”

• M.He, NuFact2013, ``Future Reactor Experiments’’

• S.Kettell et al, arXiv:1307.7419, “Neutrino mass hierarchy 
determination and other physics potential of medium-baseline 
reactor neutrino oscillation experiments”

• Y. F.Wang, “Daya Bay II: current status and future plan”, in Daya Bay II 
First Meeting, 2013.

• S.B. Kim, “Proposal for RENO-50; detector design & goals (30): S.B. 
Kim (SNU), International Workshop on "RENO-50" toward 
Neutrino Mass Hierarchy, June 2013
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http://home.kias.re.kr/psec/reno50/Session8/SooBong_RENO50-proposal-design-goals.pptx
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